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Carbon nanotube based multi-terminal junction configurations are of great interest because of the potential aerospace and electronic applications. Multi-terminal carbon nanotube junction has more than one carbon nanotube meeting at a point to create a 2D or 3D structure. Accurate atomistic models of such junctions are essential for characterizing their thermal, mechanical and electronic properties via computational studies. In this work, computational methodologies that uses innovative Computer-Aided Design (CAD) based optimization strategies and remeshing techniques are presented for generating such topologically reliable and accurate models of complex multi-terminal junctions (called 3-, 4-, and 6-junctions). This is followed by the prediction of structure-property relationship via study of thermal conductivity and mechanical strength using molecular dynamics simulations. We observed high degradation in the thermal and mechanical properties of the junctions compared to pristine structures which is attributed to high concentration of non-hexagonal defects in the junction. Junctions with fewer defects have better thermal transport capabilities and higher mechanical strengths, suggesting that controlling the number of defects can significantly improve inherent features of the nanostructures.
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1 INTRODUCTION
Carbon based nano-materials (graphene, nanotubes, and carbon fibers) have excellent mechanical (Chopra et al., 1995; Iijima et al., 1996), thermal (Che et al., 2000) and electrical (Bandaru, 2007) properties, yet are extremely lightweight that makes them ideal for nanoscale system design and applications (Suehiro et al., 2003; Zhang et al., 2006; Jensen et al., 2007; Mundra et al., 2014). Carbon nanotubes’ (CNTs’) -cylindrical honeycomb structures made up of Carbon atoms bonded in sp2 hybridization, are popular for their high thermal conductivity, strength, modulus, and aspect ratio. They have been used for the fabrication of nano electronic devices (Yao et al., 1999; Chernozatonskii, 2003), composites (Haggenmueller et al., 2000) and cooling fins (Kordás et al., 2007). In a 3D CNT based structural forms, they are often observed as interconnecting nodes (junctions) of varying characteristics. These junctions have fascinating features that are different from the pristine CNTs (Wei and Liu, 2008) and are suitable for constructing nano-level building blocks with modulated mechanical, thermal, and electrical properties.
Recent experimental studies towards successful synthesis of nanotube based nano-porous foams (Hashim et al., 2012; Wang et al., 2013; Wang et al., 2015; Ozden et al., 2016) have motivated the scientific community on the controlled fabrication of foam structures such as ligament node, pore densities, and interconnected CNT distributions. The structure-property relationship of such junctions have been of great interest as it plays an important role in the macroscopic characteristics of designed materials and composites. Experimentally, understanding the correlation between the junction topology and micro-/macro-scropic properties is extremely difficult due to the length scales involved (∼nm), as it requires designing extremely sophisticated instrumental techniques (Yang et al., 2017) to quantitatively characterize the junction. On the other hand, computational and numerical studies can offer guidance to material processing scientists on the suitable approaches for the junction fabrication specifications to attain desired properties.
The initial step in the computational study is the construction of topologically accurate atomistic models of CNT junctions. In literature, a number of different approaches have been adopted to develop and model CNT junctions, most of which are based on molecular dynamics (MD) simulations (Menon and Srivastava, 1997; Krasheninnikov et al., 2002; Jang et al., 2004; He et al., 2009). As MD based procedures for constructing junctions require considerable computational resources as well as the use of specific force-fields that allow bond-breaking, alternative strategies are needed to develop accurate junction models. In our previous communication (Nakarmi et al., 2018), we presented an efficient methodology to create topologically accurate three terminal (3T-) junction models based on computer-aided design (CAD) based optimization and re-meshing techniques that uses dual (triangular mesh) (Patanè and Spagnuolo, 2003) of the regular hexagonal mesh. Here, we use similar procedure to create more hierarchical and complex structures including four terminal (4T-) and six terminal (6T-) nanotube junction architectures.
The structure-property relationship of the created junction models are characterized using MD simulations. Here, two key properties, i.e., thermal conductivity and mechanical strength, and their relationship with the topology of the junction are studied. The thermal conductivity of the nanostructures is determined using reverse non-equilibrium molecular dynamics simulation (RNEMD) heat bath method, whereas the tensile and compressive strengths are calculated using the traditional tensile and compression tests.
The organization of the manuscript is as follows. The methodology for the development of multi-terminal junctions are presented in Section 2. In Section 3, thermal and mechanical properties of the nanostructures in relation to the topological features are discussed. All the CAD models in this work are developed using Rhinoceros 5 by Robert McNeel and Associates (McNeel, 2012), and using Grasshopper (Version 0.9.0076) (McNeel, 2013), the algorithmic based modeler for Rhinoceros 5. The MD simulations are carried out using LAMMPS (Plimpton et al., 2007) and OVITO (Stukowski, 2010) is used for nanostructure visualization.
2 DEVELOPMENT OF MULTI-TERMINAL JUNCTIONS
The simplest possible junction, a two terminal (2T-) junction, can be created between two CNTs when they are connected end-to-end with a single heptagon-pentagon pair of defects (Dunlap, 1994). The 2T-junctions can be categorized into metal/semiconductor, metal/metal or semiconductor/semiconductor based on the chirality of the connected CNTs. However, with only two terminals, 2T-junctions are less flexible compared to the multi-terminal devices, especially in electronics, where the third terminal can be used for switching, power gain, or current modulating properties as in nano-transistors (Chernozatonskii, 2003).
In context of multi-terminal junctions, a number of approaches, often MD simulations, have been adopted to generate atomistic models and study structure-property relationships. Menon and Srivastava (1998) created Y-shaped 3T-Junction with pentagon-octagon pairs using general tight binding molecular dynamics (TBMD) simulations. Krasheninnikov et al. (2002), Jang et al. (2004) and Piper et al. (2011) generated X-shaped 4T-junction by CNT welding using classical MD. Furthermore, 3T- and 4T-junctions have also been generated by self-assembling graphene nanoribbons (He et al., 2009) and TBMD simulations (Menon et al., 2003; Ponomareva et al., 2003; Xu et al., 2008). MD simulations require the system to be equilibrated for considerable amount of time and hence are computationally expensive. Also, it is extremely difficult to fomulate complex nanostructures like 6T-junctions and macro-scale nanotube architectures using MD simulations. An alternative approach to creating nanotube junctions is a CAD based primal/dual mesh optimization scheme, where triangular meshes of a hexagonal meshes called ‘primal/dual’ meshes are generated first (Patanè and Spagnuolo, 2003; Nakarmi et al., 2018) and was reported in our earlier communication (Nakarmi et al., 2018). A regular triangular mesh is ideal for modeling carbon nanotube systems since, the dual graph (refer Section 2.1) of the triangular mesh results in a hexagonal (honeycomb) mesh representing the sp2 nature of Carbon nanostructures.
2.1 Dual Mesh
In dual graph theory, the dual of the mesh is another mesh with its vertices obtained from the centroids of the original mesh. The dual of a regular triangular mesh is a hexaongal mesh and vice versa. Mathematically, for a triangular mesh I ( f, e, v, c), where f, e, v, and c represent faces, edges, vertices and the connectivity relations respectively, the dual of I is the mesh I′(e′, v′, c′) created such that each vertex v′* in I′ corresponds to each face f * in I by the relation (Patanè and Spagnuolo, 2003):
[image: image]
Here, [image: image] (i = 1, 2, 3) are the vertices of the triangular face f*. The vertices v′ are the centroid of the corresponding faces of the triangular mesh and the edges e′ are the connecting lines joining two vertices in I′ if the two corresponding faces in I have a common edge. The vertices v′ would represent the positions of the C-atoms and the edges e′ represents the C-C bonds.
There are many advantages of using triangular mesh over hexagonal mesh. Triangular meshes are easy to construct, manipulate, and optimize compared to the hexagonal meshes. Furthermore, many mesh optimization and remeshing tools are available for a triangular mesh and it is always easy to convert triangular mesh to hexagonal mesh and vice versa by the dual graph technique. Therefore, triangular meshes have been used in this work to construct complex nanotube structures like junctions. For a SWCNT model, the corresponding dual mesh is shown in Figure 1. The edges of the generated triangular mesh that will results in hexagonal CNT mesh after dual have lengths equal to [image: image]Å where 1.42 Å represents C-C bond length.
[image: Figure 1]FIGURE 1 | Dual mesh representation of (14,0) SWCNT. The inset figure shows the determination of the length of the regular triangular mesh.
2.2 Junction Topology
The C-C bonds in a closed convex nanostructures follow the Euler’s rule of polyhedron given by Eq. 2 (Crespi, 1998), where 2–2 G = χ is the Euler characteristic and G is the genus that relates to the number of holes in the geometry.
[image: image]
In such cases, the bond surplus in these nanostructures are indicated by 12 (G − 1) = 6 (E − F − V) (Crespi, 1998), where the bond surplus is the “net excess or deficit” of non-hexagonal defects. For example, a heptagon (or pentagon) increases (or decreases) the bond surplus by 1 and the net bond surplus of the system would depend on the total number of heptagons and pentagons at the junction. The bond surplus and the associated number of defects for some of the polyhedron nanostructures are shown in Figure 2. A single walled carbon nanotube (SWCNT) with two closed end caps has a bond surplus of −12 referring to requirement of at least 12 pentagons (6 on each end) to construct the capped SWCNT.
[image: Figure 2]FIGURE 2 | Bond surplus and the associated defects in the polyhedron nanostructures.
In case of multi-terminal junctions, it is difficult to determine the bond surplus directly. The combination of two 3T-junctions can form a geometrical figure with genus G = 2 as shown in (Figure 3A). Each 3T-junction shares a bond surplus of +6, hence, there are at least 6 heptagons in a 3T-junction (Crespi, 1998; Nakarmi et al., 2018). Similarly, a 4T-junction and a 6T-junction can be considered to be part of a geometry with G = 2 and G = 3, respectively. Thus, the bond surplus for 4T- and 6T-junctions are respectively +12 (Crespi, 1998; Nakarmi et al., 2018) and +24 (Figures 3B,C). The bond surplus and hence the number of defects increases dramatically with increase in the number of interconnected arms in the junction. A topologically accurate junction should satisfy the aforementioned bond surplus values.
[image: Figure 3]FIGURE 3 | Schematic to determine the genus and bond surplus of geometrical figures of (A) 3T-junction (B) 4T-junction and (C) 6T-Junction.
2.3 Atomistic Modeling of Multi-Terminal Junctions
The methods for generating 3T-Junctions have been discussed in detail in our previous communication (Nakarmi et al., 2018). Our previous study was limited to the development of utmost 3T-junctions (Nakarmi et al., 2018) and associated configurations like staggered 4T-junctions, etc. However in the current work we are able to extend the computational procedure to develop perfect orthogonal 4T- and 6T-junctions.
The procedures involved for creating 4T-junctions are highlighted in Figure 4. The initial step involves constructing regular triangular dual meshes from SWCNT hexagonal mesh. Two of such triangular meshes are interconnected at the desired angle (90°). The nodes around the junctions which are closer than 2.45 Å are removed to ensure that the dual mesh will not have C-atoms closer than 1.42 Å. The resulting geometry is patched with a new randomly generated mesh. The remeshing and optimization strategies are adopted from Refs (Botsch and Kobbelt, 2004; Nakarmi et al., 2018). to obtain uniform triangular meshes with a target length 2.45 Å. The dual of the triangular mesh indicates the position of the C-atoms in the 4T-Junction. The junction is subjected to the molecular minimization (MM) using conjugate gradient (CG) to minimize the potential energy of the system.
[image: Figure 4]FIGURE 4 | Procedure for constructing orthogonal 4T-Junction. (A) Dual triangular mesh of (16,0) nanotubes. (B) Right angle interconnection of the triangular mesh. (C) Removal of mesh vertices closer than 2.45 Å (D) Stitching the void surface with randomly generated mesh. (E) Remeshing and mesh optimization with target length 2.45 Å. (F) Dual of the final triangular mesh. (G) Atomistic model of 4T-Junction after molecular minimization (MM).
Similar methods are also used to create 6T-Junction (refer Figure 5). Here, we start with a dual triangular mesh consisting of interconnected six mutually orthogonal arms. Due to complex nature of the 6T-junction, specific region (box in Figure 5A) in the junction is chosen as a whole and re-meshing and optimization strategies are adopted in the selected region. The larger the size of the selected region, larger will be the number of defects in the junction. The dual of the optimized triangular mesh is constructed to obtain the atomistic configurations of the 6T-junction. Finally, the potential energy is minimized.
[image: Figure 5]FIGURE 5 | Procedure for constructing orthogonal 6T-Junction. (A) Dual triangular mesh of (16,0) nanotubes with six directly connected arms. The inset images are before and after snapshots of remeshing and mesh optimization procedures. (B) Regular triangular mesh with mesh length 2.45 Å. (C) Dual graph of the regular triangular mesh with each vertex representing position of carbon atoms. (D) Atomistic model of 6T-Junction after molecular minimization (MM).
The atomistic models of orthogonal 3T-, 4T-, and 6T-Junctions are presented in Table 1 with total number of defects and per-atom potential energies. The bond surplus of 3-, 4- and 6- Junctions are +6, +12, and +24, respectively which are valid values for the corresponding junction types based on the discussion in Section 2.2. These junctions have PE/atom comparable to pristine SWCNT (-7.7613 eV/atom) (Nakarmi et al., 2018), thereby ensuring that the created junctions are thermodynamically stable. The models of these junctions can be used in different atomistic simulations to predict their material characteristics.
TABLE 1 | Defects and PE/atom of different junction configurations. (Defects: P=Pentagon, H=Heptagons).
[image: Table 1]3 RESULTS AND DISCUSSION
Here, the atomistic models of the multi-terminal junction configurations were used to study the structure-property relationship by determining the topological effect of the junctions on the thermal and mechanical properties.
3.1 Thermal Conductivity (k)
At the nanoscale, CNTs demonstrate a broad range of thermal conductivity (k) values, ranging from few hundreds to as high as 6,600 Wm−1K−1 (Berber et al., 2000). This wide variability of thermal conductivity is often attributed to the size of the CNTs (Nakarmi and Unnikrishnan, 2017), their deformation states (Nakarmi and Unnikrishnan, 2018a), temperature (Osman and Srivastava, 2001), presence of defects (Nakarmi and Unnikrishnan, 2019), and measurement methods (Salaway and Zhigilei, 2014). In multi-terminal junctions, thermal transport is expected to be governed by the number of connected arms, defects types, and their distribution around the junction, as well as the size and type of CNTs (chirality) that form the junction. A proper understanding of the effect of these parameters is critical for designing thermal management systems with desired characteristics. In this section, we are interested in characterizing the effect of defects and junction topology on the longitudinal thermal conductivity of CNT nanostructure with multi-terminal junctions.
The thermal conductivity of nanotube junction is determined using Heat Bath method (Plimpton et al., 2007; Walker, 2012) (see Figure 6), a RNEMD approach using the widely popular MD simulator LAMMPS (Plimpton et al., 2007).
[image: Figure 6]FIGURE 6 | Schematic diagram showing RNEMD method for determining thermal conductivity of 3T-Junction.
AIREBO (Stuart et al., 2000) potential is used for modeling the C-C interactions. The time-step for the simulation is taken as 0.001 ps. Prior to thermal conductivity simulations, the potential energy of the system is minimized using conjugate gradient (CG) method. Then, the entire simulation setup is sub-divided into bins of size 20 Å. The end bins near the boundary are fixed such that no perturbation of the atoms are allowed, so as to ensure unidirectional heat flow within the system. Thereafter, the temperature of atoms in the remaining bins are raised to 300 K and equilibrated for 200 ps in NVT (canonical) ensemble. Once the temperature of the system is equilibrated, a pre-determined amount heat flux (q = 6 eV/ps) is added to and removed from the previously designated hot and cold regions respectively for the next 500 ps. This one-dimensional heat flow from hot to cold region creates a thermal gradient along the length of the nanostructure (refer Figure 7).
[image: Figure 7]FIGURE 7 | Thermal gradient in a 3T-Junction due to thermal excitation along the longitudinal direction. (A) Thermal gradient in the 3T junction represented by color scales. (B) Temperature profile along arms 1 and 2. (C) temperature profile along arm 3.
The time dependent moving average of the thermal gradient is measured for the next 500 ps monitoring the stability of the system. The longitudinal thermal conductivity k of the nanotube junction is then calculated using Fourier Law (Eq. 3).
[image: image]
Where, q, A and ΔT/Δx are the heat flow rate, cross sectional area of the tube [assuming 3.40 Å nanotube thickness (Osman and Srivastava, 2001)], and the temperature finite difference, respectively. The similar approach of determining the thermal conductivity has been used and validated for the pristine SWCNTs in our previous studies (Nakarmi and Unnikrishnan, 2017; Nakarmi et al., 2017; Nakarmi and Unnikrishnan, 2018a; Nakarmi and Unnikrishnan, 2018b; Nakarmi and Unnikrishnan, 2019; Nakarmi and Unnikrishnan, 2020). Here, the thermal conductivity determined for the 3T-junction from the thermal gradient shown in Figure 7 is 144.32 Wm−1K−1. It can be seen that there is 26.60% reduction in longitudinal thermal conductivity of the 3T-junction compared to pristine SWCNT of the same size (Length 468.60 Å, Diameter 10.96 Å, and k = 196.63 Wm−1K−1) which is attributed to the increased thermal gradient at the junction site (refer Figure 7). The presence of defects and the change in topology due to the connection of the third arm, causes the phonons to scatter at the junction, thereby contributing to the significant reduction of the thermal conductivity. Similar decrease in thermal conductivity due to other types of defect scattering along the SWCNT direction has been reported previously as well (Varshney et al., 2011). Next, we discuss the effect of number of junction and junction terminals on the longitudinal heat transfer across the junction.
3.1.1 Effect of Junction Population and Junction Terminals
Figure 8 presents the effect of number of junctions and the junction angle on longitudinal thermal conductivity of the nanostructure. Nine different cases are studied varying the junction angle (30°, 60°, and 90°) and the number of junction up to 3, and the resultant thermal conductivity values are compared with the thermal conductivity of pristine SWCNT of same length. It should reiterated that the hot and cold regions are along the main vertical arm (similar to previous discussion), whereas no heat is added to or removed from the extend side arms (as in Figure 7B). Among the cases studied (i.e., different angles), 60° junctions were observed to have least reduction in thermal conductivity and is attributed to fewest defects at the junction (refer Table 2) compared to other junction angles. In addition, with an increase in the number of junctions (thus more scattering) along the longitudinal direction, there is an increase in thermal gradient at each of the junction site, thereby further reducing the thermal conductivity as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Effect of junction population on thermal transport of different angle 3T-Junctions. The figures on the left indicates nine junction configurations with rows representing 30o, 60o, and 90o junctions, and columns representing one, two and three 3T-Junctions along the vertical direction. The graph on the right represents the thermal conductivity of the junction configurations normalized with respect to pristine SWCNT having the same vertical lengths.
TABLE 2 | Total number of defects of Junctions with different contact angles.
[image: Table 2]The effect of number of terminals, i.e., number of CNTs at a nodal junction on the longitudinal heat transfer is studied next via determining the thermal conductivity of a 4T- and a 6T-Junction. In this context, Figure 9 shows the thermal gradient of 3T-, 4T-, and 6T-junctions for the same value of applied heat flux (q = 6 eV/ps). At the junction (highlighted region in Figure 9), there is a sharp jump in the temperature profile, the gradient of which increases as the number of terminals increases thereby significantly reducing the overall thermal conductivity of the nanostructure.
[image: Figure 9]FIGURE 9 | Thermal gradient along the longitudinal direction of the junctions.
Figure 10 compares the effective thermal conductivity of different junctions with that of pristine CNT structures of the same length. It can be seen that an increase in the number of terminals results in increasing number of defects, and thereby increasing amount of phonon scattering at the junction leading to a notable decrease in thermal conductivity. To further confirm the hypothesis of increased phonon scattering, we also calculated the interface thermal resistance of different junctions (3, 4, and 6T) and are plotted in Figure 11. As can be seen from the figures, the thermal resistance at the junction interface increases notably due to presence of additional non-hexagonal defects as is also noted in Figure 10.
[image: Figure 10]FIGURE 10 | Thermal conductivity and total number of defects in different types of junctions. The bar diagram presents the mean value of the thermal conductivity k with the error bar representing kmin/kmax (number of simulations for each case = 8).
[image: Figure 11]FIGURE 11 | Thermal resistance and defect population in multi-terminal junctions.
3.2 Strength of Multi-Terminal Carbon Nanotubes Junction Nanostructures
Besides being highly conductive, CNT based structures have very high modulus and tensile strength. Similar to thermal conductivity, the strength and modulus of such structures are also found to be dependent upon their structural properties such as defects, junction types, etc. In this context, it is important to study and understand the inter-relationships between junction topology, defects concentration, and the corresponding change in the mechanical properties.
In this context, the tensile and compressive strength of the fuzed CNT nanostructures are determined from MD simulation using conventional unidirectional tension/compression tests (refer Figure 12). Here, AIREBO potential with a modified cut-off radius of 2 Å is used in the simulation in order to prevent non-physical strain hardening (Dilrukshi et al., 2015). The simulations are performed with a time-step of 0.0005 ps. Prior to tensile/compression simulations, minimized atomic configurations of the junctions are subjected to energy equilibrium for 50 ps at 1 K in NPT ensemble. Thereafter, the system is deformed at a uniform strain rate of 0.001/ps and the stress values corresponding to the deformed states are measured.
[image: Figure 12]FIGURE 12 | 3T-Junction under tensile loading and the tensile strain is applied until failure.
The stress-strain curves for the 3T-Junctions (60°, 90°) are presented in Figure 13 and compared with that of pristine zig-zag SWCNT. The tensile strength and the failure strain of a pristine zig-zag SWCNT as obtained from the simulation are 99.37 GPa and 17.6%, respectively. It can be seen that all studied junctions have reduced both the tensile strength and the failure strain. The respective strength of 60° and 90° junctions are 78.41 and 68.43 GPa, and the corresponding failure strains are 9.5 and 7.8%. Similar degradation in mechanical strength has been observed in nanotube-graphene junction as compared to pristine nanotubes (Yang et al., 2017) and was attributed to the topology as well as the number of defects around the junction. The lower tensile strength in a 90° junction can be attributed to the larger number of defects compared to a 60° junction. Topological defects in the structures were observed to be the locations of higher stress concentrations (refer Figure 14) initiating the localized failure that propagates through the material and thereby reducing its strength. In the 90° junction, the larger defect population along with the presence of pentagons causes high stress concentration and early failure initiation resulting in lower ultimate strengths. On the other hand, in the compressive regime, both junctions were found to have similar responses as the buckling of the structures occur at almost the same time.
[image: Figure 13]FIGURE 13 | Stress-strain curve of a 3T-junction compared with the same size pristine SWCNT (at 1 K).
[image: Figure 14]FIGURE 14 | Atomic stresses in 3T-Junction during failure due to uniaxial tensile loading. The color map represents per-atom stress along vertical direction (σ33, bars.Å3) at 1 K temperature.
Figure 15 depicts the comparative stress-strain plots of 3T-, 4T- and 6T-junctions. The ultimate strength of 4T- and 6T-junctions are 45.50 and 50.98 GPa, respectively. Here, although 6T-junction have more defects compared to 4T-junctions, the presence of two extra arms provides enhanced rigidity resulting in higher strength. This can also be seen in Figure 16. The failure initiates early in 6T-junction (t = 95 ps) compared to 4T-junction (t = 98 ps); however, the structural stiffness of the 6T-junction prevents the propagation of the crack until t = 116 ps (t = 104.5 ps for 4T-junction). This results in slightly higher tensile strength and failure strain in 6T-junction as depicted in Figure 15.
[image: Figure 15]FIGURE 15 | Stress-strain curve of a multi-terminal junction.
[image: Figure 16]FIGURE 16 | Atomic stresses in multi-terminal junctions during failure due to uniaxial tensile loading. The color map represents per-atom stress along vertical direction (σ33, bars.Å3) at 1 K temperature.
4 CONCLUSION
Efficient methods for generating highly sophisticated multi-terminal junctions are presented. The method uses CAD based optimization and remeshing of the triangular mesh, which is the dual of the hexagonal mesh representing the nanotube structures. With this method, we are able to create topologically accurate computational models of up to six terminal (6T)-junctions that can be used as building blocks to fabricate complex nano-architectures with desired thermal and mechanical characteristics. This methodology can easily be extended to more complex junctions, such as several CNTs fusing at an arbitrary angles at a single node.
Furthermore, the effect of structural features of the junction on the thermal and mechanical properties are also studied via MD simulations. A significant reduction in the thermal conductivity and mechanical strength of the nanotube junctions compared to pristine structures was observed, which is attributed to the presence and degree (abundance) of non-hexagonal defects. These defects causes discontinuity in the temperature profile around the junction, increasing phonon scattering, thereby reducing the thermal conductivity. Similarly, high stress concentration in the defects were found to be the key cause that initialized localized failure resulting in the lowering of fuzed nanostructures’ mechanical strength. We foresee that modulating the defect concentration (type and number of non-hexagonal rings) as well as their orientation (relative CNT angle) in multi-configurational CNT junctions can be used to tailor the overall thermal transport capabilities and the mechanical strengths of 3D carbon nanostructure, such as CNT based nano-porous foams (Kholmanov et al., 2015; Lu et al., 2020), nanoscale fiber reinforced composites, and light weight mechanical shock absorbers (Nakarmi et al., 2018; Nakarmi, 2020).
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